Resonance of the mouth cavity while playing the flute has been found to occur near 1000 Hz. Experiments with an artificial mouth show the Q of this cavity is less than two when air is passing through the lips. The presence of this coupled cavity can affect the flute frequency by ns much at 10 cents, and may increase the losses in the system by as much as one-third. Because the effects predicted by Benade and French appeared to be substantial, and yet no clear identification of them in flute playing is generally recognized, it appeared worthwhile to investigate experimentally the nature and magnitude of any mouth resonance effects which may be present.
cavity with the vibrating air column at the mouthhole.
Because the effects predicted by Benade and French appeared to be substantial, and yet no clear identification of them in flute playing is generally recognized, it appeared worthwhile to investigate experimentally the nature and magnitude of any mouth resonance effects which may be present.
First we may ask, does mouth resonance occur, and at what frequencies? Benade and French hypothesized that it would be in the neighborhood of the lowest formant for vowel sounds like "ah," "aw," and "oh," and therefore in the range of 500-600 Hz. They observed, presumably by ear, "an appreciable shift" in flute frequency in the neighborhood of G• and A (near 430 Hz) when the tongue was moved from the "ee" to "oh" positions. Such a frequency seems extraordinarily low for the mouth cavity resonance frequency in the position for playing the flute. If one attempts to whistle a note without markedly changing mouth position from that used in playing the flute, frequencies in the neighborhood of 1000 Hz are more typical.
To pin this down, a small microphone was constructed that could be placed inside the mouth, with the lead coming out the mouth comer. It was possible to play the flute reasonably well with the microphone in place. Readings of the output of this microphone were taken as the scale was ascended. The resulting curve showed a peak and dip in the neighborhood of 1000 Hz, the remainder of the readings following a generally ascending trend with frequency. Later it was found that a piezoceramic disk microphone directly in contact with the outside of the player's cheek produced a nearly identical curve, while the playing was more comfortable. The combined results of a series of such trials are reproduced in Fig. 1 . The points are averages of sound-pressure levels in decibels, and while the scatter is rather large, the peak and dip seem very real, especially since each trial, consisting of a chromatic scale, exhibited similar behavior. The driving force is not constant with frequency-it can be expected to rise quite rapidly with frequency as the blowing pressure increases, accounting for the rising trend of the whole curve. From the extent in frequency of the perturbation, we see the' cavity O is quite low.
No such perturbation was found in the region of 500 Hz. It is possible that the effects of tongue movement reported by. Benade and French in this region were caused by the mouth cavity acting on the second harmonic of the flute tone, which is quite prominent in the spectrum. Of course, mouth sizes will vary with individuals, so we.must consider The cavity was placed as shown in Fig. 2 at the embouchure of a cylindrical flute head-joint, and this in turn was connected to a piston driver. A microphone in the tube nearby the dryer was used to measure the response of the flute. The passive resonance frequency in the second mode was adjusted to about 10013 Hz with the mouth cavity tuned off resonance. Tuning the mouth cavity through resonance gave very pronounced perturbations in the resonance frequency of the head joint. The resonance in fact was split into two, as can be expected when two resonant circuits are coupled. Figure 3 shows the two branches of the observed curve. When the cavity is tuned to the flute resonance at 994 Hz, the splitting is about 80 Hz. Such effects are enormous compared to any frequency shifts observed in practice, and it was apparent that something was drastically wrong. plfinger of the cavity, and coupling a microphone through a hole in the wall, one can measure the resonance frequency and Q of the mouth cavity itself. The value is about 10 when the air is not blowing. Even a small vdocity of blowing air lowered the Q so drastically that it was difficult to measure. Accordingly, tubing was added to the cavity to extend it a half wavelength, greatly increasing the stored energy for a given volume velocity at the neck. With this it was possible to measure, by the usual resonance width method, the Q with and without air blowing, and also with the neck blocked, so that the wall dissipation could be subtracted off.
The Q of this extended cavity, together with the known geometry of the tubular portion of the cavity, The observed values of frequency splitting with the passive cavity (Fig. 3) , the measured value of R for the lip and measurements of the flute head dimensions suffice to determine values for the equivalent circuit given in Fig. 4 . This is essentially the circuit proposed by Benade and French, in which the resonant mouth cavity is tapped across a portion of the end correction inductance. In the frequency range treated, a simple LC circuit represents the flute, rather than using a transmission line, and the refinement of a stopper cavity teacrance has also been omitted. We have chosen here a dimensionless frequency unit co'=co/coo, where co is the actual angular frequency and coo is the angular resonance frequency of the flute head joint in the absence of the cavity.
Dimensionless impedance values are relative to the characteristic impedance of the flute tube, pc/S. The tube diameter for both cavity and flute head was 1.9 cm, the normal dimension of a modern flute. The stopped flute head is represented by a simple resonant series LC drcuit, with an inductance calculated by using the stored energy implied by Eq. 1. An end correction of 4.7 cm was assumed, and the inductive reactance equivalent to this (1.1 co') was assigned to the mouth-hole. The frequency-splitting results of It is concluded that mouth resonance does occur, somewhere in the neighborhood of 1000 Hz. Its effects on frequency when the flute is played are overall about 10 cents, and would be manifested as a slight upward perturbation as the cavity resonance frequency is approached from below, followed by a downward shift as the resonance frequency is passed. It takes more than an octave to go through this region, so these small effects are likely to be masked by other irregularities. When air is not passing through the lips, the effects of mouth cavity resonance can be very much more pro- 
